Magnetic resonance imaging (MRI) has several advantages in the evaluation of cancer patients with thoracic lesions, including involvement of the chest wall, pleura, lungs, mediastinum, esophagus and heart. It is a quite useful tool in the diagnosis, staging, surgical planning, treatment response evaluation and follow-up of these patients. In the present review, the authors contextualize the relevance of MRI in the evaluation of thoracic lesions in cancer patients. Considering that MRI is a widely available method with high contrast and spatial resolution and without the risks associated with the use of ionizing radiation, its use combined with new techniques such as cine-MRI and functional methods such as perfusion-and diffusion-weighted imaging may be useful as an alternative tool with performance comparable or complementary to conventional radiological methods such as radiography, computed tomography and PET/CT imaging in the evaluation of patients with thoracic neoplasias.
should be submitted to appropriate assessment to receive the correct therapeutic option (3) . A significant portion of cancer patients present with advanced malignant disease at the time of the diagnosis, which reduces the chances of therapeutic success. However, patients with focal disease should be submitted to treatments that offer real possibilities of healing (4, 5) . Therefore, it is important the imaging diagnosis tools provide accurate information about the location, number of lesions, tumor extent, disease activity and biomarkers (6) . Currently, the set of such information is imprescindible for the most appropriate management of cancer patients, including those with malignant chest tumors (6, 7) . Over the last 25 years, magnetic resonance imaging (MRI) has significantly developed, and its use became increasingly disseminated (8) . It is available both in several specialized and nonspecialized centers, and has increasingly been employed in the evaluation of malignant chest lesions with several advantages. This imaging method can provide images
INTRODUCTION
The incidence of neoplasias has increased globally and currently cancer is one of the main causes of natural death worldwide (1) . Thoracic tumors, either primary or metastatic, represent a significant portion of cancer deaths (2) . After diagnosis confirmation, the patient with a malignant chest tumor with high contrast and spatial resolution, facilitating the recognition of anatomical planes as well as the identification of abnormalities (9) . The multiplanar images acquisition and the resource of three-dimensional reconstruction allow for a comprehensive evaluation of the chest, decisively contributing to the therapeutic planning. Also, it is important the fact that MRI is a method free from ionizing radiation (10, 11) . When well indicated, MRI can act as complementary or alternative tool in the evaluation of chest tumors, with performance comparable to conventional diagnostic imaging methods such as bone scintigraphy, computed tomography (CT) and PET/CT (12) . The present review article is aimed at approaching relevant aspects connected with MRI in the evaluation of patients with either primary or secondary malignant chest tumors. Recent developments in oncology, the issue of ionizing radiation, technical aspects, indications and limitations of the method are presented and discussed in this article.
ADVANCES IN ONCOLOGY
The biological characteristics of tumors influence the spectrum of the disease presentations (13) . There are malignant chest lesions whose behavior is benign, indolent and mildly aggressive, with no clinical manifestation. Usually in this context, the morphological alterations can hardly be recognized and may either be missed or incidentally identified, particularly in cases of early-stage tumors with none or few symptoms. However, there are chest lesions with noticeable signs of destruction, with a huge dissemination potential and frequently associated with clinical manifestations such as asthenia, pain and weight loss. Frequently, such lesions present an aggressive biological behavior, facilitating the recognition of morphological alterations as well as the identification of the affected organs (14) . Functional imaging methods usually detect disease activity before the onset of morphological manifestations (15) . With the development and dissemination of PET/CT, the functional tools gained more prominence over the last years (16) . This method allowed for the recognition of regions avid for glucose and its molecular analogues such as fluorodeoxyglucose ( 18 FDG) ( Figure 1 ) (17) . Such regions may correspond to sites of tumor involvement and their evaluation as a whole by conventional morphological imaging methods such as CT and MRI provides greater anatomical detail, improving the quality of the information and the management of the patients (18) (19) (20) . Over the last years, a significant development was observed in invasive, minimally invasive and noninvasive thoracic diagnostic work-up methods (21) . The evolution of techniques such as bronchoscopy, videothoracoscopy, mediastinoscopy, endobronchial endoscopic ultrasonography and imaging-guided transthoracic procedures significantly improved the evaluation of patients with chest tumors (22) . A significant advance in the locoregional therapeutic and systemic management of such patients was observed with the improvement of radiotherapy techniques and the introduction of new chemotherapy drugs, with impact on the quality of life of patients and increase in their survival rates (21) . We are currently experiencing the age of the personalized therapy, also known as targeted cancer therapy that is based on the individual treatment of the patient (23) . Currently, the exclusive analysis of the histological type of the lesion is not sufficient for a more appropriate oncological management. Each patient and each lesion present their own characteristics and identity. A joint analysis of these elements is required to define the most appropriate therapeutic option (24) . We have passed from an age of predominantly morphological therapy based on the histological type and cellular death to an age of predominantly molecular therapy based on functional aspects, biomarkers profile and interruption of cell proliferation (23, 24) . The therapeutic advance was followed by the introduction of new imaging diagnosis technologies (25) . There was a significant evolution of MRI with the development of highfield apparatuses, new hardware and software, ultrafast parallel acquisition techniques, respiratory and cardiac synchronization as well as new functional and dynamic sequences allowing for a significant advance in the images quality (9) . Such a gain in quality represented a progress in the diagnostic performance of the method, allowing for a more appropriate evaluation of chest lesions as compared with the performance observed in the past (8, 9) . The evaluation of the traditional morphological parameters such as size, shape, contours and relationship with adjacent structures, has significantly evolved, improving the therapeutic planning (6) . The introduction of dynamic parameters such as cine-MRI has added new information regarding infiltration of chest wall, mediastinal and vascular structures, strengthening the resectability criteria during the therapeutic planning (26) . On the other hand, the introduction of metabolic and functional parameters, such as perfusion and diffusion has added relevant information regarding the tumor activity, allowing for their application in different phases of the cancer patient manage- ment such as diagnosis, evaluation of therapeutic response and post-therapy follow-up (27) .
IONIZING RADIATION
Several studies in the literature approach the risks of ionizing radiation exposure involved in the use of different imaging diagnosis methods (28) (29) (30) . Such studies have demonstrated a great variation in the accumulated dose, depending on the exposure frequency and intensity. Also, one has identified the need for reduction of the dose to the lowest possible level, according to the ALARA (as low as reasonably achievable) principle, without impairing the evaluation and interpretation of the images (29, 30) . Such a preoccupation should be enhanced in cases involving children, youth and pregnant women, considering the risks of cumulative effect of ionizing radiation (30, 31) . The more sensitive the exposed biological tissue and the higher the exposure frequency and intensity, the greater is the risk (28) . The accumulation of radiation over a lifetime will be greater the earlier the individual is exposed. The possibility of development of a second primary tumor, such as leukemia or a brain tumor arising from early and inadvertent exposure is not negligible, particularly in cases of pediatric patients in the developmental phase (31) (32) (33) . Therefore, an effort to reduce ionizing radiation exposure to a minimum level without impairing the images quality is the main objective of those working in the field of imaging diagnosis (34) . This can be achieved with the use of a commercially available software specifically designed for dose reduction or simply by the adequacy of technical parameters, optimization of the number of sections and sequences, and reduction of kV and mAs (34) . Another possibility is the utilization of diagnostic tools exempt from the risk inherent to ionizing radiation exposure such as MRI, for example, instead of the conventional radiological methods (11) . It is important to highlight that recent advances in the MRI technique have allowed for the introduction of radiological biomarkers which, as appropriately employed, contribute decisively to the diagnosis, staging and therapeutic response prediction. Depending on the clinical indication or on the phase of cancer management, the conventional radiation emitting radiological methods may be either replaced or complemented by MRI, which contributes to the reduction of radiation exposure risks (11) .
TECHNICAL ASPECTS
The scans should preferentially performed with the patient in supine position, in apparatuses of at least 1.5 tesla, with a body coil, maximum gradient strength of 33 mT/m slew rate of 160 mT/m/s (9) . The images should preferentially acquired under apnea or during regular breathing, especially in the acquisition of longer sequences (9, 10) . In the cases of non-collaborative, anxious, claustrophobic patients or children, it is recommended the MRI scan be performed under sedation or anesthesia. Usually, the images acquisition time varies between 15 and 30 minutes. Most frequently, the functional techniques and the use of intravenous contrast agents are responsible for the increase in the acquisition time (9, 10) . In order to minimize the occurrence of artifacts caused by respiratory motion, the acquisition of ultrafast sequences should be performed by means of echo-planar (EPI) or turbo-FLASH imaging, thus avoiding interferences during the images reconstruction. Such techniques are very fast and allow for images acquisition in 50 ms, literally promoting a "freezing" of the physiological movement, being widely utilized in the acquisition of diffusion-weighted sequences. These technical steps are aimed at avoiding the occurrence of motion artifacts that affect the quality of the images (6, 9, 10, 35) .
Protocol
Depending on the manufacturer, on the available softwares, the scan objective and on the lesion location, different types of sequences can be performed and acquired in different planes (6, 9) . It is recommendable to perform in-phase and out-of-phase T1-weighted sequences with the fat-suppression technique. Also, such sequence may be performed after paramagnetic contrast injection, as indicated. The T2-weighted sequences should be routinely performed with and without fat suppression (10) . The joint analysis of these sequences allows for a greater contrast between normal anatomical structures and areas affected by the tumor, increasing the method reliability (9, 10, 35) . The introduction of new morphological and functional techniques has also significantly contributed to an appropriate management of cancer patients. Techniques such as diffusion, perfusion and cine-MRI have widened the use of MRI in the evaluation of malignant chest lesions (26, (36) (37) (38) . They may be indicated according to the lesion location, disease extent, available therapeutic options, and detection of recurrence after the treatment completion (7, 24, 27) .
Diffusion-weighted imaging
Similarly to PET/CT, diffusion-weighted sequence allows for the evaluation of biomolecular aspects of the tumor behavior by means of qualitative and quantitative parameters (39, 40) . Usually, two criteria are utilized to classify the lesions detected on such sequence into malignant or benign, namely, the qualitative criterion related to the signal intensity (brightness), and the quantitative criterion defined by the absolute value of the apparent diffusion coefficient (ADC) within the lesion (41, 42) . Based on such characteristics, it is possible to estimate the lesion cellularity and indicate whether such parameter favors a diagnosis of benignity of malignancy. Benign lesions generally do not present any sign of water molecules diffusion restriction and, consequently, present low signal intensity on this sequence and ADC levels > 1.0 × 10 (Figure 2 ). On the other hand, malignant tumors generally present water molecules diffusion restriction secondary to cell proliferation, frequently with increased signal intensity at the diffusion-weighted image and ADC levels < 1.0 × 10 -3 mm 2 /s (Figure 3 ) (39) (40) (41) (42) . The ADC calculation is carried out by means of linear regression analysis of the natural signal intensity log versus the gradient factor, in accordance with the following equation:
where: Sh and Si correspond to the signal intensities in the region of interest obtained by the difference between these two gradient factors (bh and bi). The maximum gradient factor (bh), corresponding to 600 s/mm 2 , and the minimum gradient factor (bi), corresponding to 00 s/mm 2 , usually are sufficient for an appropriate diffusion-weighted imaging of oncologic chest diseases (9, 10, (40) (41) (42) .
The images are analyzed for the definition of the regions of interest and submitted to diffusion-weighted study on the basis of the adopted criteria. The lesion signal intensity and ADC value in mm 2 /s should be analyzed as a function of location, size and areas of viable tumor, by selecting the regions of interest (ROIs) in accordance with the interpretation of the images by the radiologist. One should always select the ROI that is more representative of the lesion, excluding areas of necrosis, calcifications, gaseous material or areas affected by any type of partial volume adjacent to the lesion (40) (41) (42) . The images should be filed utilizing a digital system and transferred to a workstation. The diffusion-weighted sequence should be post-processed with the aid of commercially avail- Figure 2 . Female, 23-year-old patient with neurofibromatosis, presenting with left paravertebral lesion in close contact with the neural foramen. On A, high signal intensity is observed on the diffusion-weighted image (arrow). On B, the same lesion is observed (arrow) on the ADC map, presenting values > 1 mm 2 /s (not demonstrated), corresponding to lower cellularity and little water molecules diffusion restriction. This lesion was considered as little aggressive, a probable schwannoma corroborated by the findings on the other sequences. Considering the age of the patient as well as the benign appearance/low aggressiveness of the lesion, one has opted for semestral follow-up of the lesions by means of MRI. Figure 3 . Male, 54-year-old with colon adenocarcinoma progressing with pulmonary nodule suggestive of metastasis. Chest MRI demonstrates a solid nodule in the right upper lobe. On A, the nodule presents heterogeneous hyperintensity (arrow) of the signal on the diffusion-weighted sequence. On B, ADC map demonstrates values < 1 mm 2 /s within the lesion, corresponding to high cellularity and water molecules diffusion restriction suggesting malignancy. The nodule was biopsied and the diagnosis of metastasis was confirmed.
able softwares with the objective of obtaining the ADC maps. The ADC maps may be represented by color shades such as, for example, black and white, where black usually represents restricted diffusion, and white, absence of diffusion restriction. The same happens for the other colors.
Perfusion-weighted imaging
Perfusion-weighted sequence offers the possibility of evaluating the pulmonary vascular bed perfusion on T1-weighted gradient-echo images by means of ultra-fast acquisition during paramagnetic contrast (gadolinium chelates) injection (37, 43) , allowing for the visualization of the regional blood flow, with possibility of quantification of such flow in different ways. The acquisition of thre-dimensional sequences following intravenous contrast injection allows for the characterization of vessels of different calibers, and may be employed in the evaluation of pulmonary perfusion (38, 44) . Several studies have already demonstrated the feasibility of this technique to evaluate both normal and pathological processes. It has been utilized in chest studies to subjectively evaluate perfusion, particularly in cases of pulmonary embolism and cystic fibrosis (44) (45) (46) . Tissues with high vascularization and high capillary permeability, i.e. suspicious of malignancy, tend to be early and intensely opacified by the contrast as compared with poorly vascularized tissues that most frequently are associated with less aggressive lesions (45, 46) . With this technique, tumor lesions can be qualitatively evaluated by means of signal intensity-time curves and quantitatively evaluated by calculating the curve numeric value in percentage of signal increase per minute. One can estimate the tumor angiogenesis pattern by considering the time the contrast agent took to cover the lesion on this imaging sequence. The enhancement and perfusion curves pattern provides relevant information about the biological behavior of the tumors (Figure 4 ) (44) (45) (46) .
Cine-MRI
Cine-MRI originated from heart studies and is nothing more than a dynamic evaluation of the chest taking respiratory and cardiac movements into consideration. The images can be obtained by means of synchronization between cardiac and respiratory movements (25) . Such a technique allows for a detailed study of large vessels and a dynamic evaluation of the vascular flow, particularly of the aorta, supra-aortic arteries, pulmonary arteries and its main branches, superior vena cava and brachioencephalic veins. Cine-MRI adds diagnostic accuracy in the prediction of invasion of the chest wall bronchovascular hilar and mediastinal structures in the presence of chest tumors ( Figure 5 ) (26, 47) .
INDICATIONS
A range of tumor lesions may affect the chest, from tumors of epithelial origin such as breast, lung, tracheal, esophageal, thymic carcinomas, and embryonic germ cell carcinomas to tumors of mesenchymal origin, including liposarcomas, osteosarcomas, leiomyosarcomas and lymphomas (15, 35, 36, 40, 41, 43, 48, 49) . The chest is also a frequent site of metastatic implants from originally primary tumors or from extrathoracic tumors, either by lymphatic or hematogenous dissemination or by contiguity (40) (41) (42) . MRI allows for an appropriate evaluation of the chest and may be employed to evaluate lesions in different anatomical structures, including, particularly, chest wall lesions (Figure 6 ), vertebral spine (Figure 7) , pleura, pulmonary parenchyma (Figure 3) , mediastinum (Figure 8 ), heart (Figure 7) , esophagus ( Figure 9 ), and lymph nodes ( Figure 9 ). The evaluation of structures affected by neoplastic lesions, their anatomical relationships and morphological and functional characteristics may be determined along the several phases of the cancer management, either at the diagnosis, biopsy guidance (Figure 10 ), locoregional staging, clinical therapeutic, surgical or radiotherapy planning (Figure 11 ), in the therapeutic response evaluation (Figure 12 ), or in the post-therapy follow-up (40) (41) (42) .
Patients with malignant chest lesions should undergo a detailed imaging evaluation. Over the last years, MRI has undergone huge developments and, as appropriately indicated, had demonstrated to be a promising and quite attractive option capable of improving the evaluation of cancer patients, contributing to a more appropriate conduct of the disease.
LIMITATIONS AND CONTRAINDICATIONS
The significant advances observed in MRI over the last years have resulted in images of excellent quality, frequently comparable to CT images, in the evaluation of the pulmonary parenchyma, even in cases of infectious, inflammatory diseases and interstitial pneumopathies (50) . In the evaluation Figure 8 . Female, 21-year-old, with voluminous anterior expansile mediastinal lesion. On A, T2-weighted image demonstrating well-defined lesion (arrows) with regular contours, and with finely heterogeneous, slightly increased signal intensity on this sequence. Homogeneous and diffuse increase in signal is observed on the diffusionweighted sequence, and the ADC map demonstrated values > 1 mm 2 /s (not available) within the lesion, corresponding to low cellularity and little water molecules diffusion restriction. On B, the surgical specimen can be observed. The histopathological result confirmed the diagnosis of a well differentiated tumor: thymoma B1. Figure 10 . Patient 14-year-old, asymptomatic patient presenting with anterior mediastinal nodule detected at imaging study. On A, MRI ADC mapping performed to support biopsy planning, definition of needle pathway (long arrow) and selection of the area for sample collection, indicating the region with values < 1 mm 2 /s within the lesion (short arrow). On B, the gross needle pathway is seen at CT image. Note that, at CT, the needle pathway (arrow) coincides with the MRI planned pathway. Five biopsy specimens were collected and the anatomopathological analysis confirmed the diagnosis of thymoma B3. of chest tumors, such advances have contributed to the differential diagnosis, detection of secondary findings and comorbidities (50) . However, some limitations still remain as obstacles to a greater popularization of this method and should be mentioned. As regards equipment, the use of high-field is required, with at least 1.5 tesla, including modern softwares and appropriate coils, which significantly increase the costs of the method. The images acquisition time is another limiting factor, since the scan usually takes about 15 minutes, and may exceed 30 minutes with the utilization of functional techniques and employment of intravenous contrast agents (9, 10) , i.e. much more time than that required for a CT scan. In cases of elderly, severely ill patients, those with degenerative bone alterations, those with bronchitis or emphysema, and those with chronic cough, there is a natural difficulty to remain at absolute rest, in supine position for many minutes, or to certain respiratory commands. Additionally, there is the issue of claustrophobia, impeding the patient to remain within the apparatus. In such situations, it is recommended that the scan is performed under sedation or anesthesia, which increases the risk of complications (9, 10) . The presence of magnetic susceptibility artifacts, such as metal materials of prostheses or foreign bodies, and the presence of motion artifacts end up degrading the images which may represent a limiting factor do the interpretation of the images or even for the scan performance.
As regards the radiological team, a specific training is required to perform chest MRI and development of appropriate protocols for cancer evaluation. The presence of an experienced radiologist acting in a multidisciplinary way with the clinical oncology, radiotherapy, chest surgery and pulmonology teams enhances the MRI performance, increasing the method reliability as well as its utilization in the oncologic routine (31) (32) (33) . Chest MRI contraindications are similar to those for MRI in other parts of the body. A criterious evaluation is always necessary before a MRI scan. The multidisciplinary team should always evaluate the clinical condition of the patient and decide whether he/she can cope with the scan time or sedation/anesthesia will be necessary, weighting the risks and benefits. Other issue of extreme relevance is to verify if the patient has metal materials such as prostheses, catheters, pacemakers or other foreign bodies of similar nature in his/her body. Depending on the model, such devices may be damaged or displaced if submitted to the magnetic field effects. It is a duty of the radiological team to avoid such situations (6, 9, 10, 50) . Figure 11 . Male, 73-year-old patient with a central nodule at left in association with secondary atelectasis. Transbronchial biopsy confirmed the diagnosis of clinical stage IIIa pulmonary adenocarcinoma. Chest MRI including ADC mapping was performed. ADC values were measured within the region of interest (circle). On A, the ADC mapping (arrow) performed before the neoadjuvant chemotherapy, and on B, ADC mapping (arrow) performed after neoadjuvant chemotherapy. Note the increase in ADC values (a sign of good response, cell necrosis), even without significant change in the nodule dimensions. The lesion was uneventfully resected and the diagnosis of predominantly micropapillary adenocarcinoma (tumor T3N2) was confirmed. Figure 12 . Male, 68-year-old patient with diagnosis of adenocarcinoma in the right upper lobe. On A, chest MRI including fusion between anatomical (T2-weighted) image and functional (diffusion-weighted) image, similarly to PET/CT imaging. Observe the central lesion in association with intense brightness (arrow) leading to post-obstructive pneumonitis characterized by the area of atelectasis with lower brightness (asterisk). On B, PET/CT image demonstrates central lesion in association with intense contrast uptake (arrow) corresponding to post-obstructive pneumonitis characterized by the area of atelectasis, without contrast uptake (asterisk).
CONCLUSION
MRI is an imaging method available in several specialized and nonspecialized health centers, and has been increasingly utilized in the evaluation of chest tumors because of its advantages. The excellent contrast and spatial resolution, the possibility of using dynamic and functional techniques and the absence of ionizing radiation risks make this tool quite attractive and promising in the management of cancer patients.
